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by a lateral helix connecting them together (Efremov, R.G., Baradaran, R. and Sazanov, L.A. (2010).
The architecture of respiratory complex I. Nature 465, 441–447). Here, we show that in higher
metazoans the threefold symmetry is broken by the loss of three helices from subunit ND2; possible
implications for the mechanism of proton translocation are discussed.
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Complex I (NADH:ubiquinone oxidoreductase) is a major entry
point for electrons to the respiratory chains of many aerobically
respiring organisms. It oxidizes NADH in the mitochondrial matrix
or bacterial cytosol, reduces quinone in the inner mitochondrial or
cytosolic membrane, and conserves the potential energy as a pro-
ton-motive force. It is generally accepted that complex I transfers
four protons across the membrane for each NADH oxidized [1–4].
Although the mechanisms of NADH oxidation and intramolecular
electron transfer in complex I are increasingly well deﬁned (re-
viewed in Ref. [5]), the mechanisms of ubiquinone reduction and
proton translocation remain unclear.
The membrane domain of all complexes I contain seven ‘core’
subunits, and a varying set of supernumerary subunits are present
also in higher organisms [6,7]. Three of the core subunits (ND2/
Nqo14/NuoN, ND4/Nqo13/NuoM and ND5/Nqo12/NuoL) are re-
lated to one another [8], and also to proteins from the Mrp family
of antiporters [9]. Thus, they have been proposed to function in
proton translocation. Recently, the positions of the 55 transmem-
brane helices (TMHs) in complex I from Thermus thermophiluswere
modeled to electron density at 3.9 Å resolution [10]. Three match-
ing sets of 14 TMHs, that overlay in structural alignments, werechemical Societies. Published by Eidentiﬁed (see Fig. 1) [10]. The 14-helix unit comprises an external
ring of helices surrounding a central core, suggestive of a function
in membrane transport, and each unit includes two discontinuous
or ‘broken’ helices, as observed previously in several transporter
and channel proteins [11]. The assignment of the three 14-helix
units to Nqo14, Nqo13 and Nqo12 is consistent with their expected
similarity, with the lengths of the sequences in T. thermophilus, and
with previous data that suggested that Nqo13 and Nqo12 are lo-
cated towards the distal end of the hydrophobic domain [12]. An
unexpected additional feature revealed by the structure is that
the C-terminus of the most distal subunit (Nqo12) runs back along
the protein, in a long helical structure that ‘connects’ the units to-
gether, perhaps to coordinate proton translocation [10]. A similar,
though not identical, architecture of the membrane-bound sub-
units has now been observed in the electron density map for com-
plex I from Yarrowia lipolytica: the lateral helical structure is
present but perhaps truncated, and the membrane domain is de-
scribed as two modules (ND2 is in the ‘N’ module, ND4 and 5 are
in the ‘P’ module) [13].
The sequence and structural relationships between the ND2/
Nqo14/NuoN, ND4/Nqo13/NuoM and ND5/Nqo12/NuoL subunits
were crucial for assigning the helical patterns observed in the
hydrophobic domain of T. thermophilus complex I, and their con-
served structures support a conserved role in proton translocation
[10]. However, comparison of the sequences of the ND2, ND4 and
ND5 subunits from Bos taurus complex I [8,14] with those of
the Nqo14, Nqo13 and Nqo12 subunits from T. thermophilus,lsevier B.V. All rights reserved.
Fig. 1. The three related 14-helix subunits in the membrane domain of T.
thermophilus complex I. The helices are green (Nqo14, fourteen helices), blue
(Nqo13, fourteen helices), red (Nqo12, fourteen helices plus C-terminal extension)
and grey (Nqo 7, 8, 10, 11), with the hydrophilic domain (gold) protruding from the
page. The molecule is viewed from above the membrane, showing that the helices
in Nqo12, 13 and 14 are tilted. Shown above the main structure are the structures of
Nqo12, 13 and 14, rotated to display more clearly their structure and similarity.
Taken from 3I9V.pdb [10].
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icantly shorter than its bacterial counterpart: indeed, it is not long
enough to comprise fourteen THMs. The mass of the mature B. tau-
rus ND2 subunit has been conﬁrmed by mass spectrometry [15].
Here, we use sequence analyses to determine the structural extent
and evolutionary origin of the truncation of ND2, and discuss pos-
sible implications for our understanding of the catalytic mecha-
nism of complex I.
2. Methods
418 sequences for the ND2 subunit of complex I were identiﬁed
in the UniProtKB database by searching for entries with the gene
names nd2, nad2, nuon or nqo14, and excluding sequences that
were annotated as fragments or shorter than 200 amino acids.
The UniProtKB database is a manually annotated, reviewed, non-
redundant protein sequence database (http://www.uniprot.org).
The 418 sequences were used to create initial sequence alignments
using both ClustalW [16] and MUSCLE [17]; the results were sim-
ilar, and the alignments from ClustalW were imported into JalView
[18]. Then, a subset of 40 sequences, that represented the phyloge-
netic tree most comprehensively, were chosen. Those sequences
that are predicted to be ‘short’ sequences were veriﬁed by inspect-
ing the nucleotide sequences upstream of the suggested initiation
codons (see text). Mitochondrial genomic sequences were trans-
lated using the EMBOSS Transeq program [19]; the appropriate
mitochondrial genetic code (translation table) for each species
was taken from the Codon Usage Database (http://www.kazu-
sa.or.jp/codon) [20]. The 40-sequence alignment was adjusted
manually in JalView, using the Zappo representation (residues col-
ored according to their chemical properties), Jalview sequence con-
servation setting, and the JalView TMH prediction function (based
on HMMTOP (Hidden Markov Model for TOpology Prediction)
[21]). Additional ND2 sequences for a number of basal metazoans
(from the Placozoa, Porifera and Cnidaria) were derived from their
mitochondrial genome sequences in the NCBI database. Forty-
sequence alignments for the ND1, ND3, ND4, ND4L, ND5 and ND6
were generated similarly. For illustrative purposes, simple phylo-
genetic trees were constructed, based primarily on the taxonomic
information available in the NCBI database (http://www.ncbi.nlm.
nih.gov/), with the phylogeny of the protostomia amended accord-
ing to Telford et al. [22].3. Results and discussion
3.1. Sequence alignment for ND2 and identiﬁcation of two classes of
sequence
Fig. 2 presents an alignment of the ND2 subunits from six
representative species, from different branches of the phylogenetic
tree. Caenorhabditis elegans, a nematode, is a lower metazoan;
B. taurus, the domestic cow, is a higher metazoan. The ND2 se-
quences from C. elegans and B. taurus are signiﬁcantly shorter than
the sequences from T. thermophilus (a bacterium), Y. lipolytica (a
fungus), Chondrus cripus (a marine algae) and Arabidopsis thaliana
(a ﬂowering plant). The alignment in Fig. 2 is an abridged version
of the 40-sequence alignment in Supplementary Fig. 1 that shows
how all the sequences fall cleanly into two discrete categories, here
referred to as ‘long’ and ‘short’ sequences. The short sequences are
truncated by around 100 residues at the N-terminus, approxi-
mately 20% of the length of the long sequences. Furthermore,
inspection of an alignment of the 418 ND2 sequences that could
be identiﬁed in the UniProtKB database (comprising 245 prokary-
otic and 173 eukaryotic sequences) did not reveal any sequences
that do not ﬁt into either class.
The programme HMMTOP (see Section 2 [21]) was used to pre-
dict the positions of the TMHs for each of the 40 sequences individ-
ually; the complete set of predictions is shown in Supplementary
Fig. 2. The TMH predictions for each protein are mostly in agree-
ment, but there are some discrepancies (typically a small differ-
ence in sequence produces more signiﬁcant changes in the TMH
prediction), indicating that considering only a single sequence
might produce a misleading picture. Consequently, the number
of sequences for which a helix was predicted was counted for each
alignment position, and used to produce the color-density bar
shown under the alignment in Fig. 2. The bar is white if there are
no predicted helices at the given position, black if all the sequences
have a predicted helix, and graded evenly in grey for all intermedi-
ate cases. A total of fourteen TMHs are clearly identiﬁed, consistent
with structural models from T. thermophilus complex I and the
membrane domain of Escherichia coli complex I [10], and with pre-
vious predictions [9,23]; only helix V is slightly ambiguous: it is the
least strongly predicted, and not clearly distinct from helix IV.
Importantly, Fig. 2 shows that the short sequences contain only
eleven helices; the ﬁrst three helices of the long 14-helix se-
quences are absent.3.2. Phylogenetic analysis of the truncation of ND2
Fig. 3A shows the 40 organisms from the large sequence align-
ment of Supplementary Figs. 1 and 2 on a phylogenetic tree, col-
ored according to whether they have long or short ND2 subunits.
The short sequences are all from metazoans; all non-metazoan se-
quences, including those from prokaryotes, fungi, and plants, are
long. The outlier, in Fig. 3A, is Metridium senile, a sea anemone
and a metazoan. Originally, the sequence of M. senile ND2 was
annotated as a short sequence, by reference to the sequences from
Mus musculus and Drosophila yakuba [24]. However, our inspec-
tion of the M. senile mitochondrial genome sequence revealed an
in-frame upstream initiator codon that yields an amino acid se-
quence with similarity to the N-terminal regions of the long se-
quences (see Supplementary Fig. 1). Therefore, the M. senile
sequence was classiﬁed here as a long sequence. This observation
indicates that a larger subset of metazoan species probably have
long ND2 subunits also. Sequences from four metazoan subgroups
were inspected (see Fig. 3B): 10 sequences from the Porifera and
four from the Placozoa are all annotated as long sequences; 40 se-
quences from the Bilateria are all short; 18 sequences from the
Fig. 2. Alignment of the ND2/Nqo14/NuoN subunits from six organisms, and the positions of the transmembrane helices. The residues are colored according to their chemical
properties. The positions of the TMHs (I to XIV) are shown by the color-density bar, representing the number of species in the 40-species alignment (see text) for which a helix
was predicted (white: no helix prediction; black: helix predicted in all sequences).
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ND2 within the Cnidaria has been noted previously [25–28]. Fol-
lowing our reclassiﬁcation of the M. senile sequence, the cnidarian
mitochondrial genome sequences were inspected. Every ‘short’
cnidarian sequence has an in-frame upstream initiator codon that
yields an amino acid sequence with similarity to the N-terminal
region of the ‘long’ cnidarian sequences. In contrast, when the
bilaterian mitochondrial genome sequences were inspected (10platyzoans, 10 ecdysozoans and 20 deuterostomes) a terminator
codon was identiﬁed in every case, just upstream of the short-se-
quence initiator codon. Thus, it is likely that the cnidarian ND2 se-
quences are long, but we cannot rule out that some (or all)
cnidarians use the downstream initiator codon to produce a short
ND2. The classiﬁcation in Fig. 3B is based on the position of the
most-upstream initiator codon possible; our evaluation suggests
that the short ND2 sequence emerged in a metazoan lineage that
Fig. 3. Phylogenetic representation of the distribution of the short ND2 sequence.
(A) The relationships between 40 organisms that encode complex I, chosen to
represent as much of the phylogenetic tree as possible; black, long ND2 sequences;
red, short ND2 sequences. (B) Within metazoans, the short ND2 sequence occurs
only in bilateria. The lengths of the lines are illustrative only. Species: Dictyostelium
discoideum, Acanthamoeba castellanii, Myxine glutinosa, Danio rerio, Anas acuta, Bos
taurus, Latimeria chalumnae, Squalus acanthias, Petromyzon marinus, Branchiostoma
lanceolatum, Paracentrotus lividus, Patiria pectinifera, Rhipicephalus sanguineus, Apis
mellifera, Drosophila melanogaster, Artemia franciscana, Ascaris suum, Caenorhabditis
elegans, Albinaria caerulea, Mytilus edulis, Lumbricus terrestris, Metridium senile,
Ustilago maydis, Podaspora anserina, Neurospora crassa, Candida albicans, Debary-
omyces hansenii, Yarrowia lipolytica, Arabidopsis thaliana, Chlamydomonas reinhardtii,
Chondrus crispus, Aquifex aeolicus, Thermus thermophilus, Deinococcus radiodurans,
Desulfovibrio desulfuricans, Campylobacter jejuni, Acidithiobacillus ferrooxidans, Esch-
erichia coli, Rickettsia bellii, Paracoccus denitriﬁcans, Trichoplax adhaerens, Benedenia
seriolae, Aurelia aurita, Ancilla eburnea, Hydra oligactis, Aphrocallistes vastus, Oscarella
carmela. Key to panel A: (1) Eukaryota, (2) Bacteria, (3) Amoebozoa, (4) Fungi/
Metazoa, (5) Viridiplantae, (6) Rhodophyta, (7) Metazoa, (8) Fungi, (9) Bilateria, (10)
Cnidaria, (11) Deuterostomia, (12) Protostomia, (13) Chordata, (14) Echinodermata,
(15) Craniata, (16) Cephalochordata, (17) Hyperotreti, (18) Vertebrata, (19)
Gnathostomata, (20) Hyperoartia, (21) Teleostomi, (22) Chondrichthyes, (23)
Actinopterygii, (24) Sarcopterygii, (25) Tetrapoda, (26) Coelacanthimorpha, (27)
Ecdysozoa, (28) Lophotrochozoa, (29) Panarthropoda, (30) Nematoida, (31) Cheli-
certa, (32) Mandibulata, (33) Hexapoda, (34) Crustacea, (35) Mollusca, (36)
Annelida, (37) Basidiomycota, (38) Ascomycota, (39) Pezizomycotina, (40) Saccha-
romycotina, (41) Aquiﬁcae, (42) Deinococcus-Thermus, (43) Proteobacteria, (44)
Delta/Epsilon subdivisions, (45) Gammaproteobacteria, (46) Alphaproteobacteria.
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lyzing the phylogenetic relationships between closely related
organisms using their mitochondrial DNA and protein sequences
has become commonplace; analyses of the phylogenetic relation-
ships amongst Cnidaria based on these approaches (see for exam-
ple [25–28]) may have been inﬂuenced by discrepancies in the
predicted lengths of ND2.
The mitochondrial genetic code varies between different
branches of Metazoa, suggesting that a change in code could have
truncated ND2, either by introducing a termination codon, or elim-
inating an initiation codon. According to the Codon Usage Database
(see Section 2) Cnidaria, Porifera and Placozoa use translation Ta-
bles 4 and 5 (the ‘mold, protozoan, and coelenterate’ and ‘inverte-
brate’ mitochondrial codes), while Bilateria use Tables 2
(vertebrates), 5 (invertebrates) 9 (echinoderms and ﬂatworms),
13 (ascidians) 14 (ﬂatworms), and 21 (trematodes). The termina-
tion-codon hypothesis does not hold, because the stop codons
are conserved (except code 2 has two extra stop codons and code
14 has one less). Furthermore, inspection of the placozoan and
poriferan ND2 nucleotide sequences collected here showed that
the common initiation codons are ATG and GTG; ATG is conserved
completely, and there are known examples of GTG as an initiator in
codes 2, 4, 5 and 13. Thus, we ﬁnd no evidence for a change in
mitochondrial code as a driver for the truncation of ND2. Alterna-
tively, comparisons of the mitochondrial genomes of a range of
metazoa have revealed mass re-organizations: the orders of the
protein coding sequences and tRNAs vary between even closely
related organisms, particularly between basal metazoans [24,25,
28–30]. Such re-organizations could have facilitated the truncation
of ND2.
3.3. Changes in protein composition that may compensate for the
truncation of ND2
Multiple sequence alignments were generated for the ND1,
ND3, ND4, ND4L, ND5 and ND6 subunits, using the sequences from
the 40 organisms presented in Fig. 3A. Then, the programme HMM-
TOP (see Section 2 [21]) was used to predict the positions of the
TMHs for each individual sequence, and a consensus pattern (as
presented in Fig. 2 for ND2) was generated for each subunit (see
Fig. S3). Clear consenuses were achieved for all the subunits, and,
for each subunit, the number of predicted TMHs is consistent with
recent structural information [10]. A small number of sequences
are extended at their N or C terminii, or have insertions (a total
of 19 extra TMHs in 240 sequences, see Fig. S3) but these exten-
sions are all in species with long ND2 subunits. Thus, our analyses
indicate that the three helices trucated from ND2 are not contrib-
uted by a different mitochondrial-encoded protein. Interestingly,
two related fungal ND5 sequences appear to be truncated by two
TMHs at their N-terminii (see Fig. S3), but the lengths of these sub-
units have been interpreted from genomic data, and not experi-
mentally veriﬁed.
Alternatively, the three missing helices could be contributed by
nuclear-encoded proteins. However, blast searches of the N-termi-
nal sequences (comprising the ﬁrst three TMHs) of the ND2 sub-
units from the seven placozoan, cnidarian and poriferan species
in Fig. 3B, against all bilaterian sequence data available in the NCBI,
failed to identify any candidate proteins. In addition, speciﬁc se-
quence comparisons of the known supernumerary subunits of B.
taurus complex I [7] with these N-terminal sequences revealed
no similarity. Finally, phylogenetic analyses of the subunit compo-
sition of eukaryotic complex I suggested that a number of supernu-
merary subunits are speciﬁc to higher metazoans [31]: if the
presence of any of these subunits correlates with the truncation
of ND2 then they may substitute structurally, if not functionally,
for the deleted helices. Comparison of the well-deﬁned subunit
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B. taurus subunits that have no homologues in Y. lipolytica; four of
them (subunits KFYI, MLRQ, SGDH, and B14.5b) are predicted to
contain TMHs [7]. Thus, the sequences of these four subunits were
compared, using blast searches, to extant sequence data from all
the eukaryotes shown in Fig. 3A and to data from the Placazoa,
Cnideria and Porifera. No homologues to the B. taurus KFYI subunit
were identiﬁed. Homologues to MLRQ were identiﬁed in Danio re-
rio, Rhipicephalus sanguineus, Apis mellifera, Drosophila melanogaster
(short ND2) and inUstilago maydis, Nematostella vectensis (Cnidaria,
Hexacorallia), and Hydra magnipapillala (Cnidaria, Hydrozoa) (long
ND2). Homolgoues to SGDH were identiﬁed in D. rerio, A. mellifera,
D. melanogaster and C. elegans (short ND2). Homologues to B14.5b
were identiﬁed in D. rerio, A. mellifera, and D. melanogaster, and
have been identiﬁed previously in C. elegans [31] and Neurospora
crassa (long ND2) also [33]. Thus, it is unlikely that KFYI compen-
sates for the trucation of ND2; the three other subunits all contain
only one TMH each and cannot be unambiguously ruled either in
or out as candidates.
3.4. Possible implications for the mechanism of complex I
If we assume that the three N-terminal helices of ND2 are not
substituted, functionally, by a different protein in complex I from
higher eukaryotes then there are three possibilities: (i) ND2 is
not involved in proton translocation by any complex I; (ii) the
function of ND2 is not affected by the N-terminal truncation
and it is involved equally in proton translocation by all com-
plexes I; (iii) the function of ND2 is affected by the N-terminal
truncation, so its function is amended in the complexes I of
higher metazoans.
Recent structural models of the membrane domains of the com-
plexes I from E. coli, T. thermophilus [10] and Y. lipolytica [13] (all of
which contain long ND2 proteins) provide three indications that
ND2 is important in proton translocation, and suggest that possibil-
ity (i) is unlikely to be correct. First, ND2 ‘anchors’ the lateral helix
comprising the C-terminus of subunit ND5. Second, like subunits
ND4 and ND5, ND2 displays the characteristics of a transporter pro-
tein (a ‘ring-type’ helical arrangement, and two ‘broken’ helices,
although the positions of the broken helices are not yet certain).
Third, like subunits ND4 andND5, ND2 contains two residues, a glu-
tamate residue in helix V and a lysine residue in helix VII, that are
widely conserved in complex I and in the MrpA and MrpD subunits
of the related antiporters [9]. Both residues are clearly apparent in
Fig. 2 (positions 155 and 243) and Supplementary Fig. 1 (positions
201 and 302) although the helix V glutamate that is present in 38
of the 40 species aligned in Supplementary Fig. 1 is absent in C. ele-
gans and Ascaris suum, and there is an additional, fully conserved ly-
sine in helix VIII (Fig. 2 position 273 and Supplementary Fig. 1
position 332). It is possible that these residues represent buried
charges and correspond to the ‘broken’ helices observed in the struc-
tural models, and that they are functionally important. A single
study of mutations to ND2 in E. coli reported decreased rates of
NADHoxidation andproton translocation for the two lysines in heli-
ces VII and VIII, and lesser effects from the glutamate in helix V, but
none of the mutations studied abolished catalysis, and their effects
could be due to decreased protein stability [23].
It is easier to imagine (possibility ii) that a truncated ND2 is
able to continue in a ‘supporting role’, than to imagine that three
helices may be lost from the transporter unit without some effect
on proton translocation. Possible supporting roles include anchor-
ing the lateral helix and promoting the coupling of proton and
electron translocation, and ND2 has been suggested to bind ubi-
quinone also [23,34]. It is interesting to note that both the opera-
tion of the ‘active–deactive transition’ in complex I from higher
metazoans, and the high afﬁnity of these enzymes for rotenone[35,36], may be related to the truncation of ND2, although there
is insufﬁcient extant data for a deﬁnitive correlation to be drawn
at present.
Alternatively (possibility iii), it is tempting to speculate that the
truncation of ND2 ‘inactivated’ proton translocation through the
ND2 subunit, and provoked a change of the proton-to-electron
stoichiometry of complex I: the obvious interpretation would be
that the complex I of higher metazoans pumps fewer protons per
NADH than the fungal or bacterial enzymes. The majority of stoi-
chiometry measurements have been carried out on the mammalian
enzyme (see, for example [1–3]) for which the four-protons-
per-NADH stoichiometry is relatively well established: it is possi-
ble that mammalian complexes I pump two protons per catalytic
half cycle (one through subunit ND4 and one through ND5),
whereas fungal and bacterial complexes I may pump three
(through subunits ND4, ND5 and ND2). Whether ND2 is directly
active in proton translocation is thus a key fact in distinguishing
extant mechanistic models for proton translocation by complex I
(for example, [10,34]). Interestingly, it has been found recently that
the c-ring of ATP synthase contains only eight subunits in verte-
brates, and probably in many invertebrates, but between 10 and
15 subunits in fungi and eubacteria [37]. Thus, decreases in the
proton-stoichiometries of both ATP synthase and complex I may
have occurred at similar points in evolution, perhaps in response
to evolutionary pressure to maintain the NADH to ATP ratio.Acknowledgements
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